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Role of carboxyl tail of the rat angiotensin U type 1A receptor in
agonist-induced internalization of the receptor. Binding of angiotensin II
(Ang II) to its receptor type 1A (AT1A) is known to trigger its internal-
ization. We studied the role of cytosolic segments of AT1A in the
internalization, and obtained results indicating a functional role of the
cytosolic carboxyl terminal tail of ATIA in the internalization. Deletion of
50 amino acids from the carboxyl tenninus abolished the receptor
internalization. Deletion mutants lacking 13 and 32 amino acid residues in
the carboxyl terminal cytosolic region were internalized to the same extent
as wild type AT1A; however, internalization of a mutant lacking the last 42
residues was partially suppressed. Thus, residues 310 through 327 were
shown to be essential for the internalization. We propose that a short
domain in the cytoplasmic tail (residues 310 to 327) may play a dominant
role in the agonist-induced receptor internalization of AT1A. Our results
also suggest that the molecular determinants of the AT1A receptor
involved in receptor internalization are distinct from those participating in
the desensitization process. IMPORTANT: Please read the Note Added in
Proof at the end of the article (p. 1495) for Important information!
The activity of membrane-bound receptors is regulated by
several processes, including desensitization, internalization and
the regulation of gene expression. Receptor-mediated endocyto-
sis, as a major pathway of the internalization, involves the
formation of coated pits and interactions among receptors,
adaptins and clathrin [1]. Molecular domains of these receptors
required for the internalization have been studied extensively.
Most of the members of the G-protein-coupled receptor family
undergo internalization, recycling and down-regulation. It has
been reported that domains within the carboxyl terminus are
involved in the internalization of receptors of 2-adrenergic
[2—4], luteinizing hormone/chorionic gonadotropin (LH/CG) [5],
and thyrotropin-releasing hormone (TRH) [6] receptors. In con-
trast, Lameh et a! [7] reported that the third cytoplasmic loop is
required for the internalization of the muscarinic ml receptor.
Cheung et a! [2] reported that the regions of the j32-adrenergic
receptor which are involved in coupling to G-protein (GTP-
binding protein) are also required for sequestration. In contrast, it
has been reported that mutants with impaired coupling to G-
protein are internalized normally [8]. Thus, general amino acid
sequences recognized for initiating the process of the agonist-
© 1994 by the International Society of Nephrology
induced internalization of a G-protein-coupled receptor remain
largely unclear.
It has been shown that binding of angiotensin II (Ang II) to its
receptor initiates the internalization in hepatoma cells [9], adre-
nocortical cells [10], and vascular smooth muscle cells [11]. Aug II
receptor type 1A (AT1A), recently cloned [12—14], has been shown
to have a seven-transmembrane domains receptor motif, and
shown to be coupled to phosphatidylinositol turnover and the
activation of certain Ca2 channels [15]. Although domains which
are involved in agonist binding and coupling to G-protein were
studied [16, 17], the domain functional in the internalization has
not yet been identified.
We demonstrate here that a small region in the carboxyl
terminus is more or less exclusively involved in the internalization
of the AT1A receptor, and the second messenger system including
coupling to G-protein is not necessary for the receptor internal-
ization.
Methods
Site-directed mutagenesis
The entire coding region of rat kidney AT1A cDNA (an open
reading frame encoding 359 amino acid residues) was cloned into
pCDNA I. A single stranded DNA was prepared using helper
phage R408 (Stratagene), and served as a template for oligonu-
cleotide-directed mutagenesis by the method of Kunkel [18]. The
desired point mutations were then introduced with oligonucleo-
tides (21 mers) containing one or two codon changes. Truncation
mutants lacking carboxyl terminal segments of varying lengths
were prepared by inserting a stop codon. The mutated DNA was
confirmed by dideoxynucleotide sequencing using appropriate
primers [19].
Transfection of COS-7 cells
Cell suspension (300 p.1, 6.0 X 106 cells/mI) was mixed with 6 p.g
of the plasmid containing a wild type or mutant ATIA eDNA
insert. The mixture was electroporated at 150 V, 250 p.F in a 0.2
cm gap cuvette in a Gene Pulser (Bio-Rad) [201. Cells were grown
in Dulbecco's modified Eagle's medium (DMEM) with 10% fetal
cell serum for three days.
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Receptor binding and internalization assay
AT1-expressing COS-7 cells were washed with Hank's bal-
anced salt solution (HBSS) and incubated with 1 flM 1251-Ang II
for varying time at 4 or 37°C in 500 tl of DMEM containing 0.1%
bovine serum albumin (BSA). After incubation, cells were imme-
diately placed on ice, washed three times with ice-cold HBSS,
incubated at 4°C for three minutes with acidic buffer (50 mii
glycine, 150 mvt NaCl, pH 3.0) or HBSS containing 1% BSA, and
washed with ice-cold HBSS twice. Cells were then solubilized with
1 ml of 0.5 N NaOH.
Results
Time course of A TIA internalization
It has been known that the naturally expressed AT1 in hepa-
toma cells [9], adrenocortical cells [101, and vascular smooth
muscle cells [11] undergoes transition upon binding Ang II, to a
state from which the radiolabeled Ang II cannot be released by
acid wash (the acid resistant form) at a physiological temperature,
presumably due to the internalization of a receptor-ligand com-
plex. The wild type rat AT1A expressed in COS-7 cells, likewise,
was rapidly converted to the acid-resistant form. After a 20 minute
incubation at 37°C, approximately 90% of Ang II bound to the
cells was internalized. The internalized '251-Ang II presumably
complexed to AT1A was present in the acid resistant state for at
least four hours (data not shown).
Effect of truncation of the carboxyl terminus
In view of reports that the carboxyl terminus has an important
role in receptor internalization of f32-adrenergic [2—4], LH!CG
[5], and TRH [6] receptors, we examined the possibility of
involvement of the carboxyl terminus in the internalization of
AT1A. We introduced a stop codon at Lys310, Lys318, Ser328, and
Ser347 to yield carboxyl terminus truncation mutants (Mut-1,
Mut-2, Mut-3, Mut-4, respectively; Fig. 1A). These mutants
exhibited productive 1251-Ang II binding comparable to that of the
wild type, although Mut-1 and Mut-2 showed a slightly reduced
1251-Ang II binding (data not shown). The time course of the
internalization of Mut-3 and Mut-4 at every time point tested was
indistinguishable from that of the wild type (Fig. 1B). However, in
Mut-1, more than 80% of 1251-Ang II binding was released by acid
wash after incubation for one to two hours (Fig. 1B) at 37°C,
suggesting that internalization was impaired in this mutant trun-
cated at residue 310. Therefore, the sequence between amino acid
residues 310 and 327 are required for the internalization of ATIA.
Interestingly, as shown in Figure 1B, Mut-2 attained a level of
internalization that is in-between the wild type and Mut-1, sug-
gesting that both sequence 310-317 and 318-327 may play impor-
tant roles in the receptor internalization.
Effect of mutations of polar amino acid residues in the second and
third intracellular loops
It has been reported that second and third intracellular loops of
AT1A are involved in coupling to G-protein [17]. To investigate
possible involvement of the second and third intracellular loops in
the receptor internalization, mutants in which polar amino acids
in the second and third intracellular loops were mutated (Fig. 2A)
were expressed in COS-7 cells, and internalization of these
mutants was studied. Among these mutants, it has been demon-
strated that Mut-A, Mut-B, and Mut-D showed impaired coupling
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Fig. 1. A. Schematic representation illustrating the sites of the stop codon in
A TJA receptors. Arrows indicate the positions of amino acid residues which
were mutated to the stop codon. B. Internalization of carboxyl terminus
truncated mutants in COS-7 cells. COS-7 cells were transfected with the
wild type or mutant AT1A cDNAs. The transfected cells were incubated
with 1 nr'i 1251-Ang II for periods indicated at 37°C, and acid resistant Ang
II binding was measured as described in the Methods. Data are the mean
values of three separate experiments.
to G-proteins [17]. However, all of the mutants were internalized
practically to the same extent as the wild type (Fig. 2B).
Discussion
In this study, we present results showing that AT1A expressed in
COS-7 cells undergoes rapid agonist-induced transition to an acid
resistant form. As shown in hepatic [9], adrenal [10], and vascular
smooth muscle cells [11] expressing an endogenous AT1 receptor,
AT1 internalization was time- and temperature-dependent, being
prevented at 4°C. Therefore, this rapid transition of the receptor
to an acid resistant state can be thought to represent receptor
internalization as shown for other plasma membrane receptors.
There are several lines of evidence that the carboxyl terminus of
a receptor may be required for the receptor internalization. It has
been demonstrated that (1) the mutation of Ser and Thr residues
in the carboxyl terminus domain, or the truncation of the carboxyl
terminus diminished internalization of /32-adrenergic receptor
[2—4]; (2) the residues required for the receptor internalization of
the LHICG receptor reside within 26 amino acid residues of the
cytoplasmic tail close to the seventh transmembrane helix [5]; (3)
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Fig. 2. Effect of mutants in the second and third
intracellular loops on internalization of rat AT1A
receptor in COS-7 cells. A. Mutations in the
second and third intracellular loops. Numbers
and single letter codes shown are mutated
amino acids of wild type AT1A. B.
Internalization of mutant receptors in COS-7
cells. COS-7 cells were transfected with the wild
type of mutants AT1A cDNAs. The transfected
cells were incubated with 1 nM 1I-Ang II for
one hour at 37°C, and acid resistant Ang II
binding were measured as described in the
Methods. Data are mean values of three
separate experiments.
internalization of the TRH receptor is dependent on two distinct
domains within the carboxyl terminus [6]. By generating truncated
mutants with carboxyl terminal segments of different lengths, we
demonstrated that carboxyl terminus has a crucial role in receptor
internalization of ATIA, and identified the domain in the carboxyl
terminus of AT1A receptor that is essential and thus involved in
the internalization. Placing a stop codon at Lys31° abolished the
receptor internalization while introducing the stop codon at either
Ser328 or Ser347 had no deleterious effect on the internalization.
This observation suggests that the last 32 amino acid residues are
not necessary for the Ang Il-promoted receptor internalization,
whereas, residues 310 through 327 are required for the internal-
ization. Interestingly, a mutant in which the stop codon was
inserted at Lys318 showed markedly attenuated, but observable
receptor internalization. This suggests that the entire sequence
between residues 310 and 327 is necessary for the internalization
and residues 318 through 327 seem to have an important, but not
decisive role. Concerning specific sequences of amino acids which
might be involved in the internalization, the region (residues
310-327) contains several Lys residues. Lys'99 located in the fifth
transmembrane domain has been reported to affect binding of
Ang II [16]. However, mutations of the positively charged Lys
residues to neutral Gin in the region failed to affect the internal-
ization, suggesting that Lys residues in the region do not have an
important role in the internalization (unpublished observations in
this laboratory).
In contrast, it has been shown that the third intracellular loop,
but not the cytosolic carboxyi terminal tail is involved in the
agonist-induced receptor internalization of the cholinergic ml
receptor [7]. Furthermore, in the AT1A receptor, it has been
demonstrated that the second and third intracellular loops are
involved in coupling to G-protein [17]. In the present study,
mutations at the polar amino acids in the second and third loops
did not affect the internalization, while the G-protein coupling
was impaired. This suggests that the second and third intracellular
loops are not necessary for the receptor internalization of AT1A,
whereas, the carboxyl terminus seems to be the only domain
involved in the internalization. The relationship between receptor
G-protein coupling and internalization are controversial. Chung
et al [2] postulated that regions involved in internalization are also
required for coupling to G-proteins. Thompson et al [21] reported
that the activation of G-protein may be necessary for agonist-
induced sequestration of the muscarinic receptor in human SK-
N-SH neuroblastoma cells. In contrast, 132 receptors that show
impaired coupling to G-protein are internalized normally [8].
Furthermore, Valiquette et al [22] showed that a mutant of the
/32-adrenergic receptor bearing substitutions at 1'yr° and Tyr
in the proximal portion of the cytoplasmic tail shows a markedly
impaired coupling to Gs, whereas, the same mutation did not
affect the agonist-induced sequestration of the receptor. The
present results indicate that the activation of G-protein is not
prerequisite for the internalization of AT1A.
Physiological significance of AT1A internalization has not been
fully understood. However, Hunyadye et al [23] reported that the
internalization of Ang II receptor might be involved in the
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sustained phase of the inositol-1,4,5-trisphosphate and the sus-
tained phase of the cytoplasmic Ca2 response elicited by Ang II
because both responses were abolished by phenylarsine oxide and
K depletion which attenuated the internalization of Ang II
receptor. Furthermore, Griendling et al [11] reported that in
vascular smooth muscle cells the internalization of Ang II recep-
tor is involved in the maintenance of the sustained phase of
diacylglycerol accumulation. Therefore, it is intriguing to postu-
late that internalization of AT1A can trigger activation of certain
second messenger systems mediated by AT1A, while the activation
of the second messenger system itself is not necessarily for the
internalization of AT1A. Further studies using cells expressing
exclusively AT1A may be useful for elucidating physiological
significance of internalization of AT1A.
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